Microscopic analysis of particles in water can indicate the size of filter media required, and can be used to monitor filter performance. This study investigated a malfunctioning slow sand filter in a water treatment facility on a First Nations community in Northern Ontario. There has been a boil-water advisory in the community due to high turbidity in the drinking water since the plant was put into operation. Also, the slow sand filters in the plant clog frequently resulting in outflow volumes significantly below the plant design capacity.
Introduction
Slow sand filtration is a simple technology requiring no knowledge of coagulation chemistry, and is quite attractive for small installations treating high-quality surface waters. Although slow sand filters have been used in water treatment for over a century, they are recently gaining a lot of new interest. This is primarily because of their effectiveness in controlling a wide variety of microorganisms including Giardia cysts (Table 1) .
Source water quality is one of the key factors in determining whether slow sand filtration should be selected. Water quality guidelines for slow sand filtration indicate that waters acceptable for this treatment should have turbidity less than 10 NTU and chlorophyll a concentration (repre-senting algal content of surface water) of less than 5 mg/m 3 ( Table 1 ). The deficiency of raw water turbidity as an indicator of filter run length has been emphasized many times (American Water Works Research Foundation 1991) . Lower turbidity does not necessarily mean longer filter run lengths and higher turbidity does not necessarily mean shorter filter run lengths. This is because turbidity gives no indication as to type, concentration, size, shape or refractive index of particles suspended in water. Turbidity is just an expression of the optical property that causes light to be scattered and absorbed by organic and inorganic matter, plankton and other microscopic organisms suspended in water (American Public Health Association 1998) .
This study analyzed a water treatment plant in North Caribou, a Northern Ontario community of 800 people. The plant flow schematic is shown in Fig. 1 . The raw water is provided from Round Lake through a Coliform bacteria 2-log to 4-log None (removal determined through pilot plant studies)
Giardia cysts 3-log to 4-log None (removal determined through pilot plant studies) Algae <5 mg/m 3 (surface mat) 390-m long intake pipe with the diameter of 300 mm (Fig 2) . The water in the intake pipe flows at a very slow rate mainly due to the size and the length of the intake pipe as well as the fact that the water is supplied to the plant on an intermittent basis. The plant consists of two parallel slow sand filters (SSF) followed by two granular activated carbon filters (GAC). Finally, the water is disinfected with sodium hypochlorite. The two slow sand filters in the plant each have a surface area of about 48 m 2 (5.50 x 8.65 m). The filter media consists of a 1-m deep layer of sand with an effective grain size of 0.2 to 0.3 mm, and a 0.5-m deep layer of support gravel. The two GAC filters contain about a 1-m deep layer of activated carbon media with a particle size ranging from 0.4 to 1.7 mm. The slow sand filters were designed to operate at a 7.3 L/s flow rate, with the filter run length ranging from 3 to 6 months. Shortly after plant commissioning in December 2000, the flow from the filters had significantly decreased from 7.3 to about 2 L/s; also, the filter runs were only 2 to 3 weeks long, suggesting that the slow sand filters were clogging prematurely. The quality of raw water in Round Lake is presented in Table 2 . The raw water meets the Canadian Drinking Water Guidelines with the excep- tion of turbidity and colour (Table 3) . Table 4 shows turbidity readings of raw water, slow sand filtrate and finished water during the summer of 2001. The raw water turbidity is measured continuously at the raw water pumps' discharge headers by a HACH turbidimeter (model 1720D). The treated water turbidity is also measured continuously on the water effluent from the GAC filters. Slow sand filter effluent turbidity was measured with a portable turbidimeter (HACH, Model 2100C). Data collected during the summer of 2001 indicated that the slow sand filter performance was inconsistent with regard to the raw water turbidity and colour removal. Higher turbidity in the outflow, relative to the inflow of the slow sand filter was reported (Table 4 ). The rising turbidity of the post filter water was the main reason for the Boil Water Advisory issued by Health Canada on September 24, 2001. The objective of this work was to study the origin of particles causing filter clogging and high water turbidity in the plant.
Materials and Methods
On December 18 to 19, 2001, the authors traveled to North Caribou, Ontario, the site of the treatment plant in question. A number of water sam- ples were taken during the two-day period: raw water, slow sand filter (SSF) outflow, GAC filter outflow, and water leaving the plant to the distribution system. For each sample, turbidity measurements, particle counts and microscopic analysis were conducted. In addition, microscopic analysis of water washed out from slow sand filter media taken from the bag originally supplied by a contractor was conducted. A sample of raw water was sent for algal identification and enumeration (Korzeniowski 2001) .
Particle Counts
An on-line particle counter (model PCX by Met One) is designed to measure particles of diameters ranging from 2 to 500 µm. The counter was connected to the raw water supply, slow sand filter effluent (SSF1), GAC filter effluent and distribution water line. The numbers of particles in the following size ranges (µm) were measured: 2.0 to 3.0, 3.1 to 5.0, 5.1 to 7.0, 7.1 to 10.0, and 10.1 to 15.0. Initially, there was an interval of particles with sizes 15.0 µm and larger, but the counter consistently returned an insignificant number of particles larger than 15 µm (less than 10 particles per 100 mL).
Microscope Analysis
Sample preparation Microscope analysis usually requires only a few drops of water sample. Since the particle concentration in the analyzed water was low, it was difficult to have a representative number of particles in a few drops of water volume. To increase the concentration of particles in the sample, the following procedure was applied. A large clean container was filled with about 20 L of water sample, covered, and set aside for 12 h. During that time most of the particles causing water turbidity would have settled to the bottom of the container. Following the settling period, the water at the top of the containers was decanted, leaving about 1 L of sediment concentrate at the bottom. The concentrate sample was centrifuged at 4000 rpm for 10 min and the water at the top of the vials decanted, leaving about 1 mL of concentrated sample at the bottom. A drop of this "concentrated" water sample was placed on each microscope slide. A microscope slide was also prepared from a filter media sample taken from an original bag as supplied by the contractor. The sample was mixed with tap water (Fig. 3 ) and left aside for about 10 min for the coarser sand to settle to the bottom of the container. A drop of the suspension above the settled sand was placed on a microscope slide. Once dry, the slides were sealed with a slide epoxy (Permount) for sample preservation.
Slide Analysis
The slides were analyzed under a microscope using three different magnifications: 100x, 400x, and 1000x. It was found that the 100x and 1000x objectives were the most useful; the 100x objective provided data in the range of the larger diameter particles, while the 1000x objective provided data in the range of the smallest particles. The microscope was connected to a computer running the Bioquant Classic 95 (R & M Biometrics, Inc.) image analysis program. Cross-sectional areas of particles present in the water were determined according to the procedures described elsewhere (Gorczyca and Ganczarczyk 1996) . Equivalent diameters were calculated as the diameters of a circle having the same cross-sectional area as the particle image:
Equivalent diameter = (4* Cross-sectional Area/π) 0.5 (1)
Results and Discussion

Comparison of Particle Counter Data with Microscopic Analysis
The total numbers of particles measured by the particle counter as well as their average sizes are shown in Table 5 . Although the particle counts indicated a gradual decrease in the total number of particles, the water turbidity increased during the treatment process (Table 5) . Particle size distributions as measured by the particle counter are shown in Fig. 4 . The number of particles in the size range 2 to 3 µm increased from 45% of the total particle count in the raw water to 70% in the slow sand filter effluent. The concentration of these small particles remained high throughout the treatment process. This result suggests that the high water turbidity is caused by an increase in the number of 2-to 3-µm sized particles. The particle counter, however, did not clearly indicate whether these small particles originated from the raw water or from the filter media. Since the source of turbidity could not be identified based on the particle counter data, microscopy analysis of the water was conducted. The cross-sectional area of about 100 particles from each sample was measured using the Bioquant 95 image analysis system, and equivalent diameters were calculated using equation 1. Microscope analysis indicated presence of significant numbers of particles smaller than 2 µm and larger than 15 µm, which is outside of the 2-to 15-µm size range reported by the particle counter. This is the main cause of the discrepancy in the particle size obtained from the particle counter and a microscope (Fig. 4 , 5, 6, and Table 6 ). Only when water samples were analyzed at the highest magnification (1000x) and the particles outside of the 2-to 15-µm size range were excluded from microscopy data, the sizes reported by the microscope and particle counter comparable (row 1 and 2 in Table 6 ). The discrepancy in the microscope data collected at different magnifications is due to the fact that the higher power magnification provides a better representation of the small particle distribution, as it is able to identify the majority of small particles, whereas the lower magnification can only identify the largest of particles.
Microscopic size distributions showed a significant increase in the number of 0-to 2-µm particles during the treatment process (Fig. 5) ; but the particle counter used in this study could not recognize these particles. Moreover, microscope analysis allowed for observation of the morphology of these small particles. Fig. 7a shows a photograph of small particles (0-to 2-µm size) identified on the microscope slide prepared from the slow sand filter effluent water (SSF1). Fig. 7b shows particles identified in the water washed out from the filter media sample originally supplied by a contractor (preparation of this microscope slide has been described in Methods and Materials section). Visual inspection of morphology and sizes of particles shown in Fig. 7a and b shows that the particles causing high turbidity in the filter effluent are similar to the particles washed out from the original filter media.
Full size range distributions of the microscopic data presented in Fig.  6 show a significant number of particles that are larger than 15 µm. These particles have not been reported in the particle counter data, thus, there is a large discrepancy in the size reported by the particle counter and the microscopic analysis (Table 6 ). The images of these large particles as seen on the microscope slides are shown in Fig. 8 . The majority of the large particles in raw water supply have been identified as diatoms. Several filterclogging genera were identified from the Round Lake raw water, notably Cymbella, Fragilaria, and Navicula (Table 7) . These diatoms were not found in SSF effluent water (Fig. 7a) . Therefore, it appears that the high water turbidity in the SSF effluent is caused by particles originating in the filter media rather than in the raw water supply. Such observations could not have been made with the particle counter data alone. The diatoms identified in the sample from Round Lake have a glasslike cell wall made of silicon dioxide. Because of the transparent cell walls, the turbidity meters as well as particle counter did not detect the high diatom concentration in the water. The Met One PCX is one of a number of particle counters that is based on a light-blocking principle. A light Fig. 7 . Images of particles causing high turbidity in slow sand filter effluent -a) microscopic image of particles identified in the slow sand filter effluent, and b) microscopic image of particles found in the water washed out from the sample of slow sand filter media supplied by a contractor. a b source is aimed through a narrow stream of the sample water, and is focused on a light detector (Fig. 9) . As a particle passes through the light source (in the case of the PCX, a laser is used), the detector recognizes a break in the light, and with the known flow of water, this pulse can be a b converted into a particle size. Fig. 10 shows a single diatom, a drop of water and a coin (quarter). Because a large proportion of the light will be transmitted through the water drop, the particle counter will recognize the water drop to be much smaller than the quarter. Using the same principle, the size of a diatom shown in Fig. 10 would be underestimated, if recorded at all. This particular source of error in particle counter analysis has not been identified elsewhere (Broadwell 2001) .
The raw water supply for North Caribou water treatment plant contained about 100,000 algal units/L (Table 7) , which were recognized poorly by the particle counter. Based on the estimated biovolume of the predominant algal taxa, it was calculated that the raw water contains about 170 mg/m 3 of algal biomass (H. Kling, pers. comm.) . Assuming average chlorophyll a concentration of 1.5% (American Public Health Association 1998) the algal concentration is significantly lower than the water quality guidelines for slow sand filtration (Table 1) and indicates very oligotrophic conditions.
The majority of algae identified in the samples from Round Lake were diatoms. These taxa often have a low chlorophyll a content per unit cell volume, which can vary depending on species, and environmental conditions. Because chlorophyll a concentration is not always well correlated with the biomass of algae, particularly diatoms (Tolstoy 1979; Rijkeboer et al. 1992) , the application of chlorophyll a concentration guideline for selection of slow sand filtration (Table 1) , particularly these devised for algal surface mats, is questionable for the biomass identified in Round Lake water (H. Kling, pers. comm.) . It is also important to note that most of the species identified in Round Lake are not planktonic (Table  7) ; also, the images of the diatoms show no presence of internal structures, which indicates that these were are not alive. As discussed earlier, the water flow in the intake pipe is slow and allows for material to settle in the pipe. It is therefore possible that the majority of diatoms clogging the filters in the plant did not originate from the open water, but from resuspended sediment or sloughed material growing close to, or on the intake structure (S. Watson, pers. comm.) .
Conclusions
1. Microscopic analysis of water and filter media in the North Caribou water treatment plant allowed for identification of the sources of high water turbidity. 2. Turbidimeters and the particle counter used in this study were unable to identify filter-clogging diatoms, due to the transparent nature of the cell walls of these microorganisms. Only microscope analysis of the water allowed for identification of these organisms. 3. Chlorophyll a water quality guidelines for selection of slow sand filtration may not be applicable to many waters. 
